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This paper deals with the electronic structure of RbSr, a molecule possessing both a permanent
magnetic and electric dipole moment in its own frame allowing its manipulation with external fields.
Two complementary ab-initio approaches are used for the ground and lowest excited states: first,
an approach relying on optimized effective core potentials with core polarization potentials based
on a full configuration interaction involving three valence electrons, and second, an approach using
a small-size effective core potential with 19 correlated electrons in the framework of coupled-cluster
theory. We have found excellent agreement between these two approaches for the ground state
properties including the permanent dipole moment. We have focused on studies of excited states
correlated to the two lowest asymptotes Rb(5p 2P )+Sr(5s2 1S) and Rb(5s 2S)+Sr(5s5p 3P ) relevant
for ongoing experiments on quantum degenerate gases. We present also the Hund c) case potential
curves obtained using atomic spin-orbit constants. These potential curves are an excellent starting
point for experimental studies of molecular structure of RbSr using high-resolution spectroscopy.
PACS numbers: 34.20.-b, 34.50.Cx, 37.10.Pq
I. INTRODUCTION
The detailed investigation of the properties of quantum
degenerate gases of ultracold species (i.e. with kinetic en-
ergy Ek ≡ kBT equivalent to a temperature T ≪ 1 mil-
likelvin) is among the most important goals of modern
atomic, molecular, optical and statistical physics. A
unique feature of ultracold quantum gases is the tun-
ability of the interaction strength between the particles
with the external fields: by employing the Feshbach res-
onances [1] it is possible to change the scattering length
in broad range of values. By comparison with atoms,
the rich internal structure of polar molecules (i.e. pos-
sessing a permanent electric dipole moment) and their
mutual strong anisotropic interactions can offer to this
field novel opportunities for precision measurements and
for quantum control using electromagnetic fields [2, 3].
Ultracold molecules trapped in periodic optical lattices
have been proposed as qubits for prototypes of quan-
tum computers [4], or as quantum simulators for stud-
ies of many-body phenomena such as phase transitions,
strongly correlated systems or many-body physics in re-
duced dimensions [5, 6]. In 2008 two groups have re-
ported the formation of ultracold gases of polar LiCs and
KRb molecules in ultracold temperatures [7, 8]: ultra-
cold LiCs molecules have been obtained by photoassoci-
ation of pairs of ultracold Li and Cs atoms and sponta-
neous decay of excited LiCs∗ molecule down to the elec-
tronic ground state, while ultracold KRb molecules have
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been created through magnetoassociation of ultracold K
and Rb atoms into weakly bound levels of the molecular
ground state, followed by stimulated Raman adiabatic
passage (STIRAP) toward the lowest rovibrational level
[9, 10]. There is also a number of other experiments aim-
ing at creating ultracold heteronuclear diatomic alkali-
metal molecules in their ground state like RbCs [11, 12]
and NaK [13], since in contrast with KRb [14] they are
stable with respect to the chemical reactions of atom ex-
change and trimer formation [15].
Heteronuclear diatomic alkali-metal molecules in their
ground state X1Σ+, however, are not easy to manipulate
with external fields: their very weak magnetic moment
originates only from nuclear spin, and they do not exhibit
a linear Stark effect in the rovibrational ground state. A
very interesting class of quantum simulators has been
proposed by Micheli et al. [5] employing molecules with
both an electric and magnetic permanent dipole moment
in their own frame. Such molecules reveal fascinating
potential for high-precision measurements (for example
the YbF molecule is being used in the determination of
bounds for the electric dipole moment of the electron [16])
or for sensitive imaging of low-frequency electromagnetic
fields [17]. In the rest of the paper we will qualify in short
such species as paramagnetic and polar molecules.
One of the possible candidates for paramagnetic and
polar molecules are diatomic molecules formed by as-
sociation of laser-coolable atoms with different atomic
spin quantum numbers, such as pairs of alkali-metal
atoms and alkaline-earths atoms [18, 19]. One of the
most promising candidates for such system is the RbSr
molecule. Besides its magnetic doublet X2Σ+ electronic
ground state, it exhibits a permanent electric dipole mo-
ment of about 1.4-1.5 Debye [18, 19]. The laser cooling,
2trapping and manipulation of Rb atoms have been well-
established at the very beginning of the ultracold matter
studies [20]. At present the strontium atom is one of the
most popular atomic species in ultracold physics [21, 22]:
for example, the studies of Bose-Einstein condensation
of Sr atoms and Bose-Fermi mixtures (of different Sr iso-
topes) has recently been reported [23–27]. Moreover, the
Innsbruck group has developed the STIRAP scheme to
produce weakly bound Sr2 molecules in ground electronic
state. It is finally worth mentioning that Sr2 molecules
have also been produced by spontaneous decay from ex-
cited Sr(1S)–Sr(3P1) molecular state [28]. More recently
a quantum degenerate gas of rubidium atoms coexisting
with strontium has been produced [29]. Another motiva-
tion which makes the studies of RbSr system particularly
interesting is the magnetic tunability of scattering length
due to presence of subtle mechanisms which can produce
the Feshbach resonances [19]. That might allow the ex-
perimentalist to modify the scattering length in the ul-
tracold mixture of Rb and Sr and control the behaviour
of quantum gas of such atoms. It is worth mentioning
that several other similar species are subject to intense
ongoing research, like YbLi [30–34] and YbRb [35–37].
Manipulation of the quantum states of diatomic
molecules with laser light requires the knowledge of ap-
propriate transition energies, and thus of the potential
energy curves (PECs) supporting the relevant energy
levels and the corresponding transition dipole moments
(TDMs). Surprisingly enough, still only little is known
about the structure of molecules containing alkali-metal
atoms with group II atoms. The electronic structure of
Ba neutral compounds (BaLi, BaNa, BaK) has been ex-
plored some time ago by Allouche and coworkers [38–40].
Other studies concern CaLi [41–43], LiBe [44, 45]. More
recently the electronic structure of the related molecular
ions containing one alkali atom and Ca+ [46], Sr+ [47]
or Ba+ [48–51] with various high-level approaches have
been published in relation with experiments aiming at
creating cold molecular ions in merged cold ion and cold
atom traps.
In this paper we present the studies of interactions of
Rb and Sr atoms in ground and excited states. We have
recently examined this system in its X2Σ+ ground state
with two entirely different approaches [18, 19]: one relies
on the representation of RbSr as a three-valence-electron
molecule in the field of relativistic polarizable large effec-
tive core potentials (ECPs) through a full configuration
interaction (FCI) calculation, while the other treats ex-
plicitly 19 electrons in the field of a relativistic small core
ECP via the coupled cluster (CC) theory. Here, we use
these approaches to revisit and to extend the study of the
electronic structure of the RbSr system. The methods are
described in Section II. The ground state properties of
RbSr are carefully revisited in Section III including the
potential curve, the permanent dipole moment, and the
static dipole polarizability. We have calculated the PECs
and the transition dipole moments between the X2Σ+
(Rb(5s 2S)+Sr(5s2 1S)) ground state and the excited
2Σ+ and 2Π+ states correlated to the two lowest asymp-
totes Rb(5p 2P )+Sr(5s2 1S) and Rb(5s 2S)+Sr(5s5p 3P )
relevant for the ongoing experiments (Section IV). We
have also investigated the spin-orbit (SO) coupling of
these states within the framework of an atomic model
involving experimental atomic SO splittings. The re-
sults of this paper are of key importance in experimental
investigations of the spectroscopy and dynamics of the
RbSr diatom. These data could be adjusted to spec-
troscopic data in order to provide the essential informa-
tion for designing optical routes for the formation of ul-
tracold ground-state RbSr molecules in their lowest in-
ternal level, thus opening the way toward a degenerate
quantum gas of molecules with both magnetic and elec-
tric dipole moments. In the rest of the paper, atomic
units for distances (1 a.u. = a0=0.0529177 nm), energies
(1 a.u.=2R∞=219474.63137 cm−1), and dipole moment
(1 a.u.=2.541 580 59 Debye) will be used, except other-
wise stated.
II. METHODS
The first method is identical to the one used in our
previous works for RbSr+ [47] and for the RbSr ground
state [18]. It is based on the representation of the Rb+
and Sr2+ ionic cores by relativistic effective core po-
tential (ECP) complemented with core polarization po-
tential (CPP) simulating core-valence correlation along
the lines developed by Mu¨ller and Meyer [52, 53] and
Foucrault et al. [54].These effective potentials involve
semi-empirical parameters (reported in Ref.[18]) which
are chosen to reproduce the energies of the lowest s, p
and d levels of the Rb and Sr+ one-valence-electron sys-
tems. A full configuration interaction method (FCI) in-
volving three valence electrons is performed in the frame-
work of the CIPSI method (Configuration Interaction by
Perturbation of a multiconfiguration wave function Se-
lected Iteratively) developed at Paul Sabatier Univer-
sity in Toulouse (France). From now on we will refer
to this method as FCI/ECP+CPP. Previous works on
alkali dimers (see for instance Refs.[55–57]) have demon-
strated that this approach yields results for equilibrium
distances (Re) and potential well depths (De) for ground
and excited states in good agreement with those obtained
from experiments: for example, the discrepancy on De
for the 1Σ+ ground states of alkali dimers is typically
much less than 100cm−1, often (eg. for KRb) less than
20 cm−1. Values for permanent electric dipole moments
(PEDMs) of their 1Σ+ ground state [55] match those
measured in recent ultracold molecule experiments (e.g.
for KRb [10], LiCs [58]). The TDMs functions are also
found in close agreement with other theoretical values
[56, 59, 60]. The (well-known) main advantage of the
FCI/ECP+CPP method is its versatility and robustness:
several low-lying excited states can be easily calculated
regardless their total spin, in contrast to single-reference
quantum chemistry methods we employ in this paper (see
3below). Among disadvantages is its rapid increase of
computational cost with increased basis set size. Just
as in Ref.[18] the basis set used in these calculations was
limited to s, p and d Gaussian-type basis functions which
translates into a number of configurations of about 105.
In the present case, the lack of f orbitals mostly affects
the evaluation of the dispersion interaction i.e. its depen-
dency in R−6 is well reproduced, but its magnitude may
not be correct. The basis-set superposition error (BSSE)
has not been introduced, as we have checked that it re-
mains small (less than 1 cm−1) for the three valence elec-
trons, while it is hard to estimate for the core electrons
which are not explicitly taken in account.
The second method involves the calculations with fully
relativistic small-core ECP (ECP28MDF) obtained by
Lim et al. [61, 62], such that all 4s, 4p and 5s electrons
(19) of Rb and Sr are correlated on both atoms.The PECs
for the X2Σ+ ground state and for the lowest quartet Σ+
and Π states are determined within the open-shell spin-
restricted coupled-cluster (RCC) theory [63] with single,
double and triple excitations (RCCSD(T)) as in Ref.19
implemented in the Molpro 2012 package [64]. In com-
parison to this work, we performed the calculations with
significantly improved basis set in order to estimate the
error attributed to the basis set incompleteness. We used
the original uncontracted basis sets of Lim et al. [61, 62]
to which we have added d, f and g Gaussian-type basis
functions to improve core-valence correlation between the
4s and 4p shells with the 5s one. We also added a series
of diffuse spdfg basis functions to better describe the dis-
persion interaction. We have further added 3s3p3d2f2g
bonding functions. We denote this new basis set with its
maximum angular momentum lmax = 4. We have fur-
ther extended this set to build a new one (denoted with
lmax = 5) including one more large-exponent g function
for core-valence correlation and one diffuse h function.
The latter has been used only for ground state calcula-
tions. Both basis sets are attached to this paper in the
Supplementary material.
The doublet excited states have been obtained with
the spin-restricted version of the open-shell equation-of-
motion coupled cluster method limited to singly- and
doubly- excited configurations(EOM-CCSD) [65, 66] im-
plemented in the CFOUR package [67]. This approach
allows for calculating excitation energies from the elec-
tronic ground state to the excited state of any spatial
symmetry, but it is unable to calculate the spin-flip tran-
sitions (and thus those involving the quartet states). The
excitation energies of doublet states obtained with EOM-
CCSD method has been then added to the ground state
potential energy curve, while the lowest 14Σ+ and 14Π
PECs have been shifted in order to smoothly match
the Rb(5s 2S)+Sr(5s5p 3P ) asymptotes calculated with
EOM-CCSD. The basis functions has been restricted to
the lmax = 4 set with removed bonding functions.
III. THE GROUND STATE PROPERTIES OF
RbSr
We present the results of our electronic-structure cal-
culations for the ground state RbSr dimer using the
RCCSD(T) method with both basis sets above in order to
investigate the discrepancies between spectroscopic pa-
rameters obtained by Gue´rout et al. [18] and Z˙uchowski
et al. [19], and to estimate the error bars due to the ba-
sis set truncation in CC calculations. Results are shown
in Figure 1, while the essential spectroscopic parameters
are gathered in Table I.
The ground state potential calculated with the
FCI/ECP+CPP method [18] is De = 1073.3 cm
−1 deep
with an equilibrium distance Re = 8.69a0 while in Ref.
19 the depth of RbSr potential was found equal to
1000 cm−1 at Re = 8.86a0. With the new basis sets
we have found that De is approximately 3-4% larger: the
RCCSD(T) value is increased to De = 1034.4 cm
−1 with
the lmax = 4 basis set and to De = 1040.5 cm
−1 with the
lmax = 5 one. The difference in De in these basis sets
is most likely related to a saturation of the dispersion
energy in the calculations involving Gaussian functions.
Based on well-know behavior of the correlation energy as
a function of maximum angular momentum in the basis
set [68] we can deduce the complete basis limit expected
for RCCSD(T) method yielding a total interaction en-
ergy 1047.9 cm−1. In fact, it is reasonable to treat the
difference between extrapolated result and the interac-
tion energy calculated using the lmax = 5 basis set as
the uncertainty of the calculation. It is still quite hard
to estimate the error beyond the RCCSD(T) calculation
and to this end we will compare how analogous method-
ology performs for the Sr2 and singlet Rb2 molecules.
Skomorowski et al. have shown [69], that the CCSD(T)
dissociation energy of the Sr2 dimer (1124 cm
−1), cal-
culated with the same core potential and similar basis
set, is slightly larger (by 3.8%) than the experimental
dissociation energy (1082 cm−1). The well depth of the
Rb2 ground state CCSD(T) PEC obtained with the ECP
and basis set used in present study underestimates the
experimental value (3836cm−1) by 6%. Thus, taking a
5% uncertainty (52 cm−1) on our basis set potential is
certainly a conservative estimate. For completeness, we
have also calculated the RbSr ground state PEC with
spin-unrestricted coupled-cluster (UCC) approach: the
potential depth for UCCSD(T) is no more than 20 cm−1
larger than in the restricted case, which is within the
estimated error bound.
The result from the FCI/ECP+CPP calculation falls
within such error bound, as the well depth is only
33 cm−1 deeper than the RCCSD(T) value. The agree-
ment between harmonic constants ωe is also very good:
38.98 cm−1 with the FCI/ECP+CPP approach and
38.09 cm−1 with the RCCSD(T) calculations and the
lmax = 5 basis set. Note, however, that Re is smaller
by about 0.1 a0 in the FCI/ECP+CPP approach than in
the RCCSD(T). This is probably due to the short-range
4FIG. 1. The RbSr ground state potential energy curves ob-
tained with RCCSD (dashed red line), RCCSD(T) (full red
line), and FCI/ECP+CPP methods (full blue line).
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repulsion between the Rb+ and the Sr2+ cores which
is not automatically included the FCI/ECP+CPP ap-
proach invloving large cores. This contribution can be
represented by an exponential expression [70, 71] fitted
on the Hartree-Fock energy of the RbSr3+ system.
In fact both curves differ by merely one bound state
and further two-color photoassociation spectroscopy for
several isotopic mixtures of RbSr should provide the ex-
act number of bound states supported by RbSr poten-
tial. The potential energy curves reported in this paper
should be an excellent starting point for refinement using
the experimental data.
Other properties of the RbSr ground-state reveal the
present quality of the electronic wave function when re-
sults are compared between two methods. Figure 2
displays the ground state PEDM functions computed
within the finite field approach, as obtained with the
FCI/ECP+CPP method [18], and the new RCCSD(T)
computation with extended basis set. Both approaches
yield very similar variation and magnitude, and thus very
similar electronic wave functions. At the equilibrium dis-
tance the PEDMs are almost identical (1.54 D), and they
become slightly different only at short internuclear dis-
tances. Note, that with previously reported calculations
[19] - with the RCCSD(T) method employing smaller ba-
sis set - the value of the dipole moment was found to be
1.36 D.
The similar finite-field approach allows for calculat-
ing the static dipole polarizability of the RbSr ground
state as the second derivative of the RCCSD(T) energy
with respect to the amplitude of an external electric field.
We display in Fig. 3 the R-dependent isotropic polariz-
ability α0 and the corresponding anisotropy ∆α which
are related to the cartesian components according to the
FIG. 2. Permanent electric dipole moment of RbSr
ground state calculated with finite-field method through the
RCCSD(T) (full blue line) and the FCI/ECP+CPP approach
[18] (full red line).
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FIG. 3. Isotropic static dipole polarizability and the corre-
sponding anisotropy of the RbSr ground state calculated with
finite-field RCCSD(T) method.
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well-known formula
α0 =
1
3
(2αxx + αzz) ∆α = αzz − αxx (1)
For the equilibrium distance the anisotropy of polariz-
ability of RbSr molecule and the averaged polarizability
are almost equal. The anisotropic polarizability peaks
near Re while α0 has its maximum for 9.6 a0. The ∆α
at equilibrium distance is very large and comparable to
the largest anisotropies reported for alkali-metal dimers
[7, 72]. With the large dipole moment and the large
anisotropy of polarizability of RbSr, the RbSr molecule
can be considered as a good candidate for manipulation
with intense off-resonant laser light [73–75].
5TABLE I. Equilibrium distance Re (in a0) and potential
depth De (in cm
−1) of the RbSr ground state obtained by
the various approaches discussed in the text.
method Re(a0) De (cm
−1)
FCI/ECP+CPP, Ref. 18 8.69 1073.3
RCCSD(T), Ref. 19 8.86 999.6
lmax = 4 basis set
RCCSD 8.99 885.6
RCCSD(T) 8.83 1034.4
UCCSD 8.99 898.5
UCCSD(T) 8.81 1052.5
lmax = 5 basis set
RCCSD 8.98 893.6
RCCSD(T) 8.82 1040.5
UCCSD 8.97 896.7
UCCSD(T) 8.80 1059.1
IV. EXCITED STATES OF THE RbSr
MOLECULE
Figure 4 shows the diagram of the excited energy lev-
els of Rb and Sr and lists the related Hund’s (a) case
states of RbSr. From the experimental point of view
the most interesting excited states are those correlat-
ing with the lowest asymptotes Rb(2S)+Sr(3P0,1,2) and
Rb(2P )+Sr(1S). In particular the forbidden transition
1S →3 P1 in Sr atom is very appealing for photoas-
sociation experiments and optical manipulation, due its
narrow width. This intercombination line has also been
used recently for creation of ground state Sr2 molecules
[24, 28], and for optical tuning of the Sr scattering
length [76–78]. We have also found that the states cor-
related to the Rb(2S)+Sr(3P ) asymptote might interact
with higher excited states, thus we have also explored
few of them – namely the states which correlated to
Rb(2S)+Sr(3D) and Rb(2D)+Sr(1S) asymptotes which
are separated only by about 1000 cm−1. Note that the
Rb(6s 2S) and the Sr(5s4d 1D) levels are very close to
each other (20132.5 cm−1 and 20149.7 cm−1) so that the
ab-initio calculations are very difficult to perform, re-
garding especially the proper order of asymptotic molec-
ular states. The present approaches have been however
successful in this matter.
The excited state PECs calculated with both meth-
ods presented in Section II are displayed in Figure 5,
while in Table II we report the main spectroscopic pa-
rameters of the Hund’s case (a) PECs correlated to
Rb(2S)+Sr(3P0,1,2) and Rb(
2P )+Sr(1S).
A. The Rb(5p 2P )–Sr(1S) interaction
The two RbSr Hund’s (a) case states correlated to this
limit are denoted as 22Σ+ and 12Π . By construction
FIG. 4. The diagram of experimental excited energy levels
of Rb and Sr atoms featuring the corresponding dissociation
limits (adding a ground state Sr atom on the left column, and
a ground state Rb atom on the right column) of the molec-
ular Hund’s (a) case states of the RbSr molecule. The Rb
2D3/2,5/2 energies of Rb are identical within the resolution
of the plot. The origin of energies corresponds to infinitely
separated ground state Sr and Rb atoms.
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the FCI/ECP+CPP method involves the exact asymp-
totic energy of 12737 cm−1 (deduced from the position
of P -state multiplet and Lande´ rule) while the EOM-
CCSD method yields 12793 cm−1 in good agreement
(better than 0.5%) with the former value. The over-
all agreement for the main spectroscopic quantities be-
tween FCI/ECP+CPP and EOM-CCSD PECs is satis-
factory (see Table II). Just like for the ground state PEC,
the FCI/ECP+CPP method gives equilibrium distances
shorter by about 0.1a0 compared to the EOM-CCSD
ones. This is due to the modeling of the short-range
core-core repulsion that can be assumed to be identical
to the one used for the ground state. This feature is also
partly responsible for the deeper well depth (by about
5-7%) and the smaller harmonic constant (by about 5%)
obtained with the FCI/ECP+CPP method for both Σ
and Π states compared to the EOM-CCSD results. Note
that both methods place the crossing between the 2Σ+
and 1Π states at almost the same distance: 10.67 a0 in
case of the FCI/ECP+CPP and 10.65 a0 for the EOM-
CCSD method.
A very good agreement is found between the two meth-
ods on the PEDM of both the 22Σ+ and 12Π states
(Fig. 6a) demonstrating again that both methods in-
deed describe the same electronic wave functions. The
positions of maximum values of the PEDMs agree within
0.1 a0, whereas their (large) magnitudes at this point
agree to better than 5%. The existence of two max-
ima in the 22Σ+ PEDM is probably related to a sud-
den change of chemical character of RbSr molecule near
6FIG. 5. Hund’s case (a) potential energy curves of the excited RbSr molecule obtained with EOM-CCSD method (left panel)
and FCI/ECP+CPP method (right panel).
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the repulsive wall into an ion-pair state. As can be ex-
pected from the previous results on PEDMs, the agree-
ment on the TDM functions for these states (Fig. 7a)
is also excellent between the two approaches, as they
involve ground and excited state wave functions which
are represented in almost identical ways. Note that the
asymptotic limit of these TDMs (3.013 a.u.) calculated
at very long range agrees very well with the experimental
atomic value 2S →2 P 1
2
transition (2.99 a.u.). At short
distances the X2Σ+ → 12Π transition is clearly favored
with respect to the X2Σ→ 22Σ transition.
B. The Rb(5s 2S)–Sr(5s5p 3P ) interaction
Four Hund’s case (a) molecular states are correlated
to this asymptote, which are denoted as 3 2Σ+, 1 4Σ+,
2 2Π, and 1 4Π. All four states can easily be calculated
with the FCI/ECP+CPP approach, while the comput-
ing codes for open-shell EOM-CCSD method for spin-
changing states are not available. As mentioned in Sec-
tion II, the 1 4Σ+ and 1 4Π quartet states correlating with
Rb(2S)+Sr(3P ) are the lowest ones for given spatial and
spin symmetries, and are dominated by a single electronic
configuration so that their PECs can be obtained with
the RCCSD(T) method.
The asymptotic limit of obtained excitation energies
for these states are correctly reproduced to better than
1% by our calculations when compared to the experimen-
tal value 14705 cm−1 deduced from atomic data through
FIG. 6. Permanent electric dipole moments for (a) the 22Σ+
and 12Π states correlated to Rb(5p 2P )–Sr(5s 1S), (b) the
32Σ+ and 22Π states correlated to Rb(5s 2S)+Sr(5s5p 3P ), (c)
the 14Σ+ and 14Π states correlated to Rb(5s 2S)+Sr(5s5p 3P ),
calculated with FCI/ECP+CPP and EOM-CCSD ap-
proaches. Solid lines: 2,4Σ+ symmetry; dashed lines: 2,4Π
symmetry.
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the Lande´ rule for the 3P strontium multiplet. The
FCI/ECP+CPP method yields 14615 cm−1 [18] by con-
struction for both the quartet and doublet states. The
7TABLE II. Main spectroscopic parameters of the lowest excited states of RbSr Hund’s case (a) potential energy curves
FCI/ECP+CPP EOM-CC asymptote
State Re(a0) De (cm
−1) ωe (cm
−1) Re (a0) De (cm
−1) ωe (cm
−1)
12Σ+ 8.69 1073.3 38.98 8.82 1040.5 38.09 Rb(5s2S)+Sr(1S)
22Σ+ 8.40 4982.9 58.37 8.51 4609.6 60.20 Rb(5p 2P )+Sr(1S)
32Σ+ 7.67 3828.0 65.26 7.81 2892.4 62.48 Rb(5s2S)+Sr(5s5p3P )
12Π 7.31 8439.8 79.50 7.42 8038.6 83.19 Rb(5p 2P )+Sr(1S)
22Π 7.65 4421.2 67.60 7.88 3303.5 63.37 Rb(5s2S)+Sr(5s5p3P )
14Σ+ 11.63 336.3 15.42 11.81 329.2 15.03⋆ Rb(5s)+Sr(5s5p)
14Π 8.06 2838.1 56.98 8.24 2655.7 54.95⋆ Rb(5s)+Sr(5s5p)
FIG. 7. Transition dipole moments from the RbSr ground
state X2Σ+ towards (a) the 22Σ+ state (blue lines) and the
12Π (red lines) state, (b) the 32Σ+ state (blue lines) and the
22Π (red lines) state, obtained with EOM-CC (full lines), and
with FCI/ECP+CPP (dashed lines).
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EOM-CCSD value for doublet states is 14567.8 cm−1.
Being the lowest states of their symmetry, the main
spectroscopic constants for the 1 4Σ+ and 1 4Π PECs
show a good agreement between the two methods, similar
to the one obtained for the ground state PEC (Table II).
In contrast we immediately see from the Table and from
Figure 5 that larger discrepancies are found between the
two methods for doublet states. The equilibrium distance
is now shorter by about 0.2a0 in the FCI/ECP+CPP
method, which could partly be accounted for the larger
contribution of the core-core repulsion around 7.6a0 than
in the lowest states with a higher Re. While consis-
tent in magnitude, the harmonic constants differ by
about 4 cm−1 between the two methods, which could
be reduced if we account for the short-range core-core
term. The largest discrepancy concerns the well depth
of the 3 2Σ+ and 2 2Π states which is deeper by about
1000 cm−1 in the FCI/ECP+CPP results. The PEDM
functions of Figure 6b reveal that while having similar
trends, the details of the electronic wave functions induce
significant differences in the oscillating patterns, i.e. in
the relative weights of the configurations. Obviously this
feature transfers into the TDM functions of Figure 7b,
in particular for the X 2Σ+ → 3 2Σ+ transition where
the magnitude of the TDM is weaker by about a fac-
tor of 2 in the FCI/ECP+CPP results compared to the
EOM-CC ones, probably related to the different posi-
tion of the node visible in the 3 2Σ+ PEDM. Neverthe-
less these TDMs deserve more attention. Asymptotically
such transitions are in principle forbidden due to atomic
spin-flip selection rule. Actually the 1S →3P1 excitation
is allowed by electric dipole transition due to second-
order spin-orbit mixing with the higher 1P1 state, while
the excitation towards the 3P0,2 states is strongly forbid-
den. In the molecular region, the disallowed transitions
from ground state becomes allowed due to the Pauli ex-
change interaction which can be measured by the mag-
nitude of the exchange energy [79]). The quite sudden
increase of the TDM around 15a0 reflects the exponen-
tial variation of this exchange energy when the valence-
overlap region is reached.
Further studies with EOM-CC method which includes
triply excited clusters and all-electron relativistic stud-
ies could probably help to validate one of these results.
Note that in the FCI/ECP+CPP approach the 1 4Π state
is well separated in energy from other states to which it is
coupled by spin-orbit interaction (see next Section), while
it crosses the doublet states in the EOM-CC method. If
the former result would be confirmed, this means that
strongly polar metastable RbSr molecules could be cre-
ated and used for further manipulation in the experi-
ments.
C. Higher excited states
Higher excited states of RbSr cannot be disregarded
from the present analysis. An inspection of Figure 5
shows that the 32Π and 42Σ+ PECs correlated to the
Rb(5s 2S)+Sr(5s4d 3D) dissociation limit are submerged
below the Rb(5s 2S)+Sr(5s5p 3P ) asymptote by several
8hundreds of cm−1 in both methods. The bottom of the
well of the 1 2∆ state (computed with the EOM-CCSD
approach) is submerged by more than 1000 cm−1 be-
low that asymptote. Moreover, due to the proximity
of their asymptotes, the excited states which correlate
with Rb(4d 2D)+Sr(5s2 1S), Rb(5s 2S)+Sr(5s4d 3D),
and Rb(5s 2S)+Sr(5s4d 1D) strongly mix together and
exhibit numerous avoided crossings which are consis-
tently predicted by both methods: around 16a0 for
the 2Π states, and around 16a0 (EOM-CCSD) or 18a0
(FCI/ECP+CPP) for the 2Σ+ states. Both approaches
also predict the presence of short-range avoided cross-
ings of Π and Σ+ states but with more more pro-
nounced differences in positions. Finally, we observe
the large difference in the potential wells depths for Π
and Σ+ states correlated to Rb(4d 2D)+Sr(5s2 1S) and
Rb(5s 2S)+Sr(5s4d 3D).
D. Long-range behavior close to the
Rb(5p 2P )+Sr(5s2 1S) and Rb(5s 2S)+Sr(5s5p 3P )
asymptotes
We have obtained the C6 values for the excited states
by fitting the calculated potential energy curves at long
range to C6R
−6 analytic form. This procedure has to
be performed very carefully: backing out the van der
Waals coefficients from the potential curves needs very
high precision potential curves for broad range of dis-
tances. As invoked in Section II due to the lack of high
angular momentum functions in the basis set used in the
FCI/ECP+CPP computations, we performed such fit-
tings only for the CC methods. For the doublet states
correlated to the Rb(5p 2P )+Sr(5s2 1S) limit we obtained
C6(2
2Σ+) = 23324Eha
6
0 and C6(1
2Π) = 8436Eha
6
0
compared to the values of Ref.[80], 17530 Eha
6
0 and
8331Eha
6
0, respectively. Despite the nice agreement ob-
tained for the latter value, error bars for these values can
be large and unpredictable as these values were obtained
by fitting to the shape of EOM-CCSD potential curve
added to the ground state interaction energy of RbSr. In
contrast, the C6 values for the excited states correlating
with Rb(5s 2S)+Sr(5s5p 3P ) can be extracted with much
better accuracy, since for the quartet states potential en-
ergy curves are obtained in direct way and not as a sum of
interaction energy + EOM-CC excitation. We obtained
C6(2
2Σ+) = 5265Eha
6
0 and C6(1
2Π) = 4654Eha
6
0 which
are in satisfactory agreement with the values 5735Eha
6
0
and 5000Eha
6
0 of Ref.[80].
E. Relativistic picture of the lowest excited states
of RbSr.
Spin-orbit (SO) splittings are quite large for the lowest
excited states of both atoms: 237.6 cm−1 for Rb(5p 2P )
and 581.1 cm−1 for Sr(5s5p 3P ). Therefore they must be
taken in account in any accurate representation of the
RbSr excited states for the purpose of modelling experi-
mental results. It is well-known that due to configuration
mixing the SO couplings vary with the internuclear dis-
tance and can be reduced or enhanced typically by 30-
50% compared to the atomic values. Examples can be
found for instance in spectroscopic studies of RbCs [81],
KCs [60], or in quantum chemistry studies of Sr2 [82],
SrYb [83] or Rb2 [84]. It is beyond the goal of this pa-
per to compute the R-dependence of the SO coupling in
RbSr. Instead we present an approximate model where
the atomic SO is used as a perturbation to the Hund’s
case (a) states, in order to deliver a preliminary picture
of the relevant PECs. Due to the large energy separa-
tion of the Rb(5p 2P )+Sr(1S) and Rb(5s 2S)+Sr(5s5p 3P )
asymptotes, the corresponding manifold of PECs can
safely be considered as isolated from each other. We
will also ignore the higher excited states discussed above
which are submerged below the Rb(5s 2S)+Sr(5s5p 3P )
asymptote.
We follow the usual spectroscopic convention and
use symbols Λ, Σ for the projection onto the molec-
ular axis of the electronic quantities namely the or-
bital angular momentum and the spin, respectively,
and Ω = |Λ + Σ|. The atomic SO constants are
ARb = ∆Efs(Rb(5p
2P ))/3 = 79.2 cm−1 and ASr =
∆Efs(Sr(5s5p
3P ))/3 = 193.7 cm−1. We use the fact that
the matrix elements of spin-orbit Hamiltonian HSO =
AL · S in the basis |SLΣΛ > can be expressed in the
asymptotic basis set of atomic angular momenta using
Clebsch-Gordon coefficients:
|SLΣΛ >=
∑
ΣRb,ΣSr
< SRbΣRbSSrΣSr|SΣ > |SRbΣRb > |SSrLΣSrΛ >, (2)
which more specifically reduces for doublet states to
|1
2
L± 1
2
Λ >= ±
√
1
3
|1
2
1
2
>Rb |1L0Λ >Sr ∓
√
2
3
|1
2
− 1
2
>Rb |1L1Λ >Sr, (3)
while for the quartet states it reads
|3
2
L± 1
2
Λ > =
√
1
3
|1
2
1
2
>Rb |1L0Λ >Sr +
√
2
3
|1
2
− 1
2
>Rb |1L1Λ >Sr, (4)
|3
2
L± 3
2
Λ > = |1
2
± 1
2
>Rb |1L± 1Λ >Sr . (5)
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ground state atom splits the degeneracy of the 2P state
into 2Σ and 2Π state. The total angular momentum pro-
jection |Ω| can then take the values 1
2
and 3
2
. A unique
state |Ω| = 3
2
originates from 2Π(Σ = ± 1
2
,±Λ = 1) state,
while two states with |Ω| = 1
2
states originate from mix-
ing of the 2Π(Σ = ± 1
2
,Λ = ∓1) and 2Σ+(Σ = ± 1
2
,Λ =
0). The Hamiltonian for the |Ω| = 3
2
state is trivially
reduced to one element only, which can be written as
H(|Ω| = 3
2
) = V (2Π) + 2ARb and asymptotically corre-
sponds to j = 3
2
state of the Rb atom. For the |Ω| = 1
2
state the Hamiltonian can be written as
H(|Ω| = 1
2
) =
(
V (22Σ)
√
2ARb√
2ARb V (1
2Π) +ARb
)
. (6)
Two eigenvalues of this matrix asymptotically correspond
to both j = 1
2
, 3
2
, state of excited Rb(5p) atom.
For the interaction of 3P state of Sr and 2S of Rb the
situation is somewhat more complicated. As we have
mentioned in previous sections, the resulting dimer states
for the Rb(5s 2S)–Sr(5s5p 3P ) interaction in the Hund’s
case (a) are 2,4Σ+ and 2,4Π. The possible quantum num-
bers for spin-orbit coupled states for that case are |Ω| =
1
2
, 3
2
and 5
2
. The maximal value of |Ω| corresponds triv-
ially to single state, namely H(|Ω| = 5
2
) = V (14Π) +ASr
asymptotically corresponding to the metastable state of
Sr atom 3P2. The |Ω| = 32 states can be obtained
by coupling of three states: 4Σ+(Σ = ± 3
2
,Λ = 0),
2Π(Σ = ± 1
2
,Λ = ±1) and 4Π(Σ = ± 1
2
,Λ = ±1). The
corresponding Hamiltonian from which we can obtain the
Hund (c) case representation reads:
H(|Ω| = 3
2
) =


V (2Π) + 2
3
ASr
√
1
3
ASr −
√
2
3
ASr√
1
3
ASr V (
4Σ)
√
2
3
ASr
−
√
2
3
ASr
√
2
3
ASr V (
4Π) + 1
3
ASr

 . (7)
Two of these states asymptotically correspond to the
3P2 Sr state, and one to the
3P1 Sr state. Finally, for
the |Ω| = 1
2
we have five states involved: 2Σ+(Σ =
± 1
2
,Λ = 0), 2Π(Σ = ∓ 1
2
,Λ = ±1), 4Σ+(Σ = ± 1
2
,Λ = 0),
4Π(Σ = ∓ 1
2
,Λ = ±1), 4Π(Σ = ± 3
2
,Λ = ∓1). The Hamil-
tonian which describes the coupled |Ω| = 1
2
states has the
following form:
H(|Ω| = 1
2
) =


V (2Σ+)
√
8
9
ASr 0 − 13ASr
√
1
3
ASr√
8
9
ASr V (
2Π)− 2
3
ASr
1
3
ASr −
√
2
3
ASr 0
0 1
3
ASr V (
4Σ+)
√
8
9
ASr
√
2
3
ASr
− 1
3
ASr −
√
2
3
ASr
√
8
9
ASr V (
4Π)− 1
3
ASr 0√
1
3
ASr 0
√
2
3
ASr 0 V (
4Π)−ASr


. (8)
The eigenstates of the Hamiltonian for Ω = 1
2
corre-
spond to all components of the 3P asymptote of the ex-
cited Sr atom: the lowest eigenvalue represents the in-
teraction of Rb atom with 3P0 state of Sr, two states
correspond to the interaction with 3P1, and two with
3P2. The resulting spin-orbit coupled PECs are shown
in Figure 8. The EOM-CC and FCI/ECP+CPP ap-
proaches give a very consistent potential energy curves,
except some of the states which correlate with the
Rb(5s 2S)+Sr(5s5p 3P0,1,2) asymptote, which originate
from doublet 32Σ+ and 22Π states which are about 20%
deeper in case of the FCI/ECP+CPP method.
For the Rb(5p 2P1/2,3/2)–Sr(
1S) manifold the |Ω| = 1
2
curves exhibit the avoided crossing in place where the
12Π and 22Σ+ states cross. Since the 12Π and 22Σ+
states are separated in energy by a much larger amount
than the SO constant ARb, they preserve their Hund
(a) case character over most of the internuclear dis-
tances in the chemical range. However the correspond-
ing bound levels may well be strongly coupled as it is
the case for instance in the heavy alkali-metal dimers
like Rb2 [85]. For the states that correlate with the
Rb(5s 2S)+Sr(5s5p 3P0,1,2) asymptote the character of
Hund’s case (c) states is drastically changed, since the
22Π and 32Σ+, and also 14Π states are much closer
in energy. Therefore these states are strong mixtures
of doublet and quartet states. It is also clear from
Figure 8 that among the states which correlate with
10
FIG. 8. EOM-CCSD potential energy curves of RbSr excited states including atomic spin-orbit interaction as explained in the
text. (a) EOM-CC approach, (b) FCI/ECP+CPP approach.
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Rb(5s 2S)+Sr(5s5p 3P2) there are states with |Ω| = 12
and |Ω| = 3
2
of very strong 4Σ+ character. Also, in
view of such strong mixing, it is clear that the state
|Ω| = 1
2
which correlates with Sr atomic clock line
will have nonzero transition dipole moment at finite dis-
tances. Hence, the vibrational states supported by such
state might be accessible with dipole transitions.
V. CONCLUSIONS AND OUTLOOK
In this work we have explored the ground and excited
states of the RbSr molecule, which is a good candidate
paramagnetic, polar molecule and subject to intense ex-
perimental study. A primary goal of this paper was to
provide the first calculation of potential energy curves for
the RbSr curves and dipole moment matrix elements and
comparison between two ab-initio methods: FCI method
with the use of ECP and CPP, and CC theory based
methods used with small effective core potential.
It is usually difficult to provide error bound for the
ab-initio calculations, unless we deal with small, few-
electron system [86], for which it is possible to study
the convergence pattern not only for systematically in-
creased gaussian basis set but also for number of excita-
tions introduced to the electronic wavefunction. Hence,
for such complicated system as RbSr molecule applica-
tion of two different methods provides a better starting
point for further modelling of potential curves with help
of high-resolution spectrosopy experiments. The discrep-
ancies in calculations of potential energy curves between
the methods used in this paper are very small for the
ground state, for the states correlating with Rb asymp-
totes and for the quartet states correlating with the stron-
tium asymptotes. A bit larger discrepancies have been
obtained for the doublet states of Rb+Sr(5p) systems,
although the equilibrium distances and harmonic con-
stants are consistent. For the higher excited states the
agreement is moderately good.
Using both methods we have found that a very good
agreement of the values of permanent dipole moments
of the ground state RbSr system as well as doublet
Rb(5p)+Sr and Rb+Sr(5p) states: interestingly enough,
the permanent dipole moments of the excited states are
very large.
Finally, we have obtained the transition dipole mo-
ments for the excitations from the ground electronic state
to Rb(5p)+Sr and Rb+Sr(5p) states. Again, there is a
good agreement between the two approaches used in this
paper. Interestingly enough we have found that there
are non-zero transition dipole moments from the ground
state to doublet Rb+Sr(5p). That means, the possibil-
ity of driving for the dipole transitions to the vibrational
states supported by the electronic states that correlate
with strongly forbidden 3PJ lines of the strontium atom.
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